While deep reactive ion etching using an inductively coupled plasma ͑ICP͒ source has proven to be a boon to the fabrication of silicon-based microelectromechanical systems, the process is highly sensitive to the geometry of any given device and needs to be modified accordingly. For a chemical microreactor involving fluidic structures of highly varying geometry on the same device, the implementation of ICP etching can be especially challenging. We present the results of a study of one such implementation.
I. INTRODUCTION
Deep reactive ion etching ͑DRIE͒ is a breakthrough technology having many advantages for high rate etching of materials for micromachining, especially silicon. 1 DRIE is superior in practically every aspect to wet chemical etching of silicon, except perhaps in the areas of equipment cost and the ability to preferentially follow crystallographically defined preferred etch directions. The principal advantages include higher etching rates, compatibility with photoresist masks, and the ability to produce vertical sidewalls on silicon substrates of any crystal orientation. These advantages have led to DRIE being the preferred method for producing high aspect ratio structures for microelectromechanical systems ͑MEMS͒ applications.
Despite the overwhelming success of this etching technology, certain factors exist which complicate its implementation. Such factors include dependence of etch rate on feature size, 2 across-the-wafer and across-die reactant loading effects, 3, 4 and micromasking. 5 These factors can result in local etch rate variation ͑e.g., a large feature has a greater depth than an adjacent small feature͒, systematic variation of etch rate across the wafer, and the formation of dense accumulations of vertical filaments of silicon, known as ''grass.'' Consequently, specific etching operating conditions must be determined which ameliorate these occurrences. As the factors causing these problems are strongly affected by the geometry of the pattern to be etched, a new etching process recipe has to be developed for practically every new device that is designed. We present here a study of DRIE etching for producing a chemical microreactor from silicon. This particular device is challenging because it involves fluidic structures with a range of lateral dimension ͑Fig. 1͒, all requiring the same etch depth.
Various sources for the production of reactive etching species are available for DRIE, all having the common characteristic of high plasma density. We have used inductively coupled plasma ͑ICP͒ as the etch source. The process we used for ICP etching of silicon, known as the ''Bosch Process,'' involves the cyclic repetition of two unit steps. 6, 7 The first step is ion-assisted etching of the silicon substrate by an etching gas (SF 6 ) and the second is a sidewall passivation step using a polymer-producing gas (C 5 F 8 ). After being introduced and allowed to etch silicon for a few seconds, SF 6 is immediately pumped out of the chamber and C 4 F 8 is flowed in for a few seconds. A thin Teflon-like passivation layer is deposited on the wafer, including the base and sidewalls of the previously etched area. Then SF 6 is again introduced and the cycle repeated. In this study, microfabricated chemical reactors having 100 m channel width were ICP etched. 8, 9 4-in. silicon wafers were processed, each containing 18, 1ϫ3 cm 2 reactors. Positive photoresist was used as the mask replacing silicon dioxide in an earlier version of our process because of lower cost and robustness of simplicity. The highest etching selectivity between silicon and photoresist we observed was 167:1. Aspect ratios were as high as 40:1. We observed a variation in etching rate with size of the features, the position of the features on the wafer, and etching process parameters. While the etching rate for the 100 m channel was as high as 6.4 m/min, the reactors at the wafer center were etched faster than the edge. Therefore we investigated the influences of etching gas cycle time, ICP chamber pressure, and bias power on etching rate and uniformity. The optimized ICP process parameters have resulted in a reliable etching sequence for silicon microchannel chemical reactors.
II. EXPERIMENT
As a starting material, p-type ͗100͘ bare silicon wafers were cleaned by acetone and isopropyl alcohol to remove organic and particulate contaminants. Patterns of these contaminants can be effectively transferred into the wafer during etching, leading to defects. For patterning, Shipley 1813 positive photoresist was spin coated on the wafer and the pattern exposed with a UV mask aligner. Finally the pattern was developed for 30 s. After hard baking, the thickness of the photoresist was 1.2 m. The patterned wafers were then etched using an Alcatel 601e ICP etcher with conditions that varied by wafer. Etching gas cycle time, bias power, and chamber pressure were varied accordingly to the setting shown in Table I . Etched wafers were investigated by scana͒ Electronic mail: rbesser@stevens-tech.edu
ning electron microscopy ͑SEM͒ and Tencor profilometry to observe surface morphology and etching depth profile.
III. RESULTS AND DISCUSSION
The length of the SF 6 etch cycle exhibited the greatest influence over the parameters of etch rate, uniformity, and lack of grass formation. Figure 2 illustrates the effects of varying SF 6 cycle length for fixed conditions of bias power ͑30 W͒ and pressure ͑5 Pa͒. The increase in etch rate with etch gas addition, in agreement with, 10 suggests that SF 6 is the limiting reagent in the etching reaction under these conditions. The plasma source geometry and lower chamber geometry have radial symmetry by design and may contribute to a radial distribution of etch rate on the wafer. Permanent magnets on the chamber walls have been engineered by the equipment manufacturer to optimize etch uniformity. The graph in Fig. 2 reflects essentially radial etch rate symmetry, with the area of highest etch rate at the wafer center for low SF 6 times. By contrast, the highest etch rates are found at the perimeter for the case of the highest SF 6 times. The point of this reversal is near 8 s cycle time, with a resulting standard deviation of etch rate of 2.4%.
In order to understand the improvement of etch rate uniformity with SF 6 cycle length, we evaluated the utilization of fluorine in the removal of silicon from the wafer surface. This was accomplished by calculating the amount ͑moles͒ of silicon removed and comparing it to the amount ͑moles͒ of fluorine atoms introduced. To estimate the silicon removal, we assumed that the profiles shown in Fig. 2 were radially symmetric and integrated to determine the volume, and ultimately the number of moles, of silicon removed. removed was divided by the total moles of F transported into the chamber from SF 6 during the 30 min etch cycle and the ratio of F/Si plotted in the lower curve of Fig. 3 . This ratio is a measure of the efficiency of fluorine utilization in the etching process. As seen in the figure, F/Si is approximately constant at around 100 except at the 4 s SF 6 time, where the ratio measures over 120, i.e., significantly more fluorine atoms are required to remove silicon than for the higher times. The behavior observed in the plot could be explained by a two-step etch mechanism, where only the second step contributes substantially to silicon removal and the first step provides a delay or onset time of etching. An example of such a two step mechanism is an etch initiation step followed by silicon etching. The initiation could be, for example, the removal of a passivation layer that prevents silicon from being attacked until the passivation is removed. Such a layer could be produced by the oxidation of freshly etched silicon, if a source for oxidation were present. Alternatively, the buildup of polymer from the C 4 F 8 step may result in a passivation layer causing the observed behavior. The latter is known to occur to a degree as the anisotropic etch mechanism depends on the formation of this polymeric layer on the etched sidewalls.
Another possible explanation for the nonuniform and less efficient etching characteristic at 4 s is transient dominated gas flow. A calculation based on the estimated chamber volume and the gas flow conditions ͑5 Pa, 300 sccm͒ indicated that the mean residence time for SF 6 molecules is approximately 0.5 s. This corresponds to the time required to replenish the gas content of the chamber under the conditions of etching. A period of approximately this length is thus required to establish steady state flow conditions after switching from the C 4 F 8 cycle to the SF 6 cycle. During this transient, SF 6 concentration is lower than at steady state and increases with time, and the distribution of SF 6 molecules throughout the chamber volume may be highly nonuniform. The 0.5 s initiation period is not insignificant compared to 4 s, and could be responsible for the highly nonuniform etching conditions producing the large variation in across-wafer rate and lower efficiency utilization of SF 6 . As SF 6 cycle time is increased ͑to 6 s, 8 s, etc.͒, this transient time represents a decreasing fraction of the SF 6 on-time, and has little effect on the average etch rate.
Suitable additional experiments could be proposed, based on varying etch and passivation cycle times, to sort out which of the above mechanisms is responsible for the observed behavior, and if both are, the degrees of each one. Other mechanisms or explanations are possible, including lags in gas flow and pumping due to inherent system and component ͑e.g., mass flow controllers, valves, pumps, etc.͒ limitations. However, based on manufacturer specifications and factory testing, no such limitations are evident.
Accompanying the desirable increase in etch rate and uniformity with SF 6 on-times above 4 s is the achievement of etched surfaces essentially free of grass. Figure 4 shows representative images of the wafer surface under conditions of varying SF 6 cycle time from 4 to 8 s. We observe a steady decrease in micromasking effects, due presumably to the effective removal of redeposited etch products, C 4 F 8 -derived polymer, photoresist, or other polymeric particles by lengthier SF 6 etch times. The result obtained with 8 s ͓Fig. 4͑c͔͒ is nearly ideal with regard to smooth morphology and the absence of grass.
While excellent morphology was attained for the 8 s etch cycle, it may be noticed that a slight broadening of the channel near the base has occurred ͓Fig. 4͑c͔͒. This was not observed on a separate device design having 5 m channel width ͑dimension a in Fig. 1͒ . This type of nonuniformity has been reported elsewhere and can be reduced by operation under lower etch-rate conditions. 2, 11 While the lack of ideally vertical walls may be an issue for certain MEMS devices, it was not a concern for this application, and hence was not addressed separately in the process optimization.
The effects of changing bias power are evident in Fig. 5 . Increasing rf bias power primarily elevates the energy of ion species impinging on the wafer surface and can further contribute to higher etch rate by helping to increase plasma charge density and dissociation. As a result, etching rate increased with bias power as shown. However, the change in power produces essentially no change in uniformity across the wafer. Best standard deviations of etch rate on wafers in the figure were greater than 8%. In addition, the changes in power made no improvement to micromasking effects as evidenced by SEM imaging. Chamber pressure had a similar effect to power in that etch rate scaled approximately linearly with pressure. Under the typical conditions in which the system is operated, the reduction of pressure by a factor of 2 or less does little to affect etch results besides the effect of simply reducing the amount of available etching species. Moreover, uniformity changed only marginally, and micromasking was not eliminated.
IV. CONCLUSIONS
By increasing SF 6 gas flow time in the ICP etcher, the etching nonuniformity over the wafer was reduced from 11.6% to 2.4% and the average etching rate was increased from 4.13 to 5.90 m/min. Increased bias power enhanced overall etching rate but the etching uniformity was not improved as a result of the power increase alone. The surface morphology of the etched silicon substrate was strongly affected by etching gas flow cycle time. The formation of silicon ''grass'' on the surface through micromasking was observed and subsequently eliminated. Etching gas sequence time was the key factor in improving the surface morphology. As optimum conditions of the ICP etcher for fabricating silicon microchannel reactors possessing a range of feature geometries, longer cycle times of SF 6 gas flow and higher bias powers are preferred.
